results demonstrate that our orthogonal ET and L/A mutant pairs achieve tailored high selectivity at the level of individual bromodomains.
To further demonstrate the feasibility of targeting the L/A mutation selectively, we characterized binding affinities and stoichiometries of ET within the context of a tandem bromodomain construct of Brd2 using ITC (Fig. 4A) . In contrast to I-BET (K d = 360 nM and expected stoichiometry of 2:1), no binding of ET to wild type was observed (K d > 10 mM). The inactivity of ET against WT was further evidenced by its inability to induce upregulation of p21 mRNA levels, as reporter of downstream c-Myc activity (14) , when compared with I-BET treatment in U2OS cells ( fig. S10 ). However, ET exhibited K d of 140 to 150 nM for the two single L/A mutants and 24 nM for the double mutant, with the expected 1:1 and 2:1 stoichiometries, respectively, confirming potent and selective targeting of mutant versus WT bromodomain (Fig. 4A) .
To assess probe selectivity inside cells, we developed fluorescence recovery after photobleaching (FRAP) assays in U2OS cells transfected with full-length human Brd4. Control treatment with 1 mM I-BET accelerated the fluorescence recovery of the photobleached nuclear region of cells transfected with wild type (Fig. 4B , black, and fig. S11) relative to vehicle (Fig. 4B, white) , indicating displacement of Brd4 from chromatin, as reported with JQ1 (3). As expected, exposure with 1 mM ET against wild type showed no significant reduction of recovery times relative to vehicle-treated cells (Fig. 4B, purple) . Crucially, exposure of 1 mM ET against a double L(94,387)/A mutant showed recovery times comparable with the I-BET control in FRAP assays (Fig. 4B, red) , and similarly fast recoveries were seen when the first domain only was mutated (Fig. 4B, blue) but not the second (Fig. 4B, green) . Together, our data show that ET retains selectivity in cells and suggest that blockade of the first domain alone is sufficient to displace Brd4 from chromatin.
We describe a bump-and-hole approach to engineer controlled selectivity onto small-molecule modulation of BET bromodomains. We demonstrate that mutation of a conserved leucine residue within the bromodomain can be targeted by an ethyl derivative of I-BET with high potency and BET-subfamily selectivity in vitro and in cells. We also show proof of concept of applying orthogonal bromodomain:ligand pairs to dissect the role of individual bromodomains of Brd4 in chromatin binding. Future application of this approach could help identify which BET bromodomain target would be the most relevant therapeutic target in a given disease condition. To this end, recent advances in site-specific nuclease technologies for targeted genome engineering by use of clustered regulatory interspaced short palindromic repeat (CRISPR)/Cas9-based RNA-guided DNA endonucleases, among others (15, 16) , have opened up the possibility of systematically generating knock-in mutants in cells and living rodents (17) . If a desired selectivity cannot be achieved at the KAcbinding site of WT bromodomains, it could be achieved instead by targeting allosteric sites or by modulating other specific protein-protein interactions of BET multiprotein complexes. Last, our approach could be extended to engineer selective chemical control within other subfamilies of the human bromodomain phylogenetic tree. infection, triggers effector immunity in an autocrine and paracrine manner through Toll receptor activation (3, (5) (6) (7) (8) . To detect potential vertebrate equivalents of Spaetzle, we searched the human proteome using a relatively tolerant PROSITE pattern [C-X(35,45)-C-X(10,15)-C-X(25,32)-C-X-C; modified from (9)] to identify 166 soluble proteins potentially containing a >10-membered cystine knot domain (see the supplementary materials). We identified the neurotrophin nerve growth factor b (NGFb) as a possible vertebrate ortholog of Spaetzle ( Fig. 1, A and B). NGFb regulates the survival, differentiation, and function of central and peripheral neurons (10, 11) , predominantly through activation of its high-affinity receptor, tropomyosin-related kinase receptor A (TRKA). Like Spaetzle, NGFb is generated by enzymatic cleavage of a precursor proprotein to form a biologically active cystine-knot dimer (11) (Fig. 1C) . Because NGFb is implicated in the modulation of inflammation in non-neuronal cells (12) (13) (14) , we asked whether NGFb could play a Spaetzle-like role in coordinating vertebrate immunity to S. aureus. Deleterious biallelic mutations in the genes encoding NGFb (NGF) (15, 16) or TRKA (NTRK1) (17) lead to a profound congenital sensory and autonomic neuropathy [termed hereditary sensory and autonomic neuropathy (HSAN) 4 and 5]. We found that these individuals also had frequent severe S. aureus infections of skin, teeth, joints, and bone ( fig. S1 ), suggesting a pathogenspecific immune defect. To further explore the role of NGFb in staphylococcal immunity, we measured its release from primary human macrophages obtained from healthy individuals. Infection of cells with live, but not killed, S. aureus stimulated de novo synthesis and secretion of both pro-NGF and mature NGFb (Fig. 1 , D to F). We found considerable variation in NGFb stimulation by clinical isolates of S. aureus. Clones triggering lower levels of NGFb were associated with increased all-cause patient mortality ( fig.  S1 ), again suggesting a protective role for NGFb during S. aureus infection. The exact mechanisms generating mature NGFb remain unclear, but it is likely that endogenous and exogenous host proteases [such as furins (18) , matrix metalloproteinase (MMP) 7, and plasmin (19) ], as well as bacterial proteases ( fig. S1 ), combine to cleave pro-NGF during S. aureus infection, suggesting similarities with the regulation of Spaetzle processing (20) .
We next examined whether other bacterial species were also able to stimulate NGFb release from macrophages. Although a low-level response was seen with some other bacteria (such as Enterococcus faecalis), only S. aureus effectively triggered NGFb release ( fig. S1 ). Indeed, the closely related skin commensal Staphylococcus epidermidis was unable to stimulate NGFb production effectively, suggesting that macrophages can discriminate between pathogenic and nonpathogenic staphylococcal species. Furthermore, macrophages only secreted NGFb and not other neurotrophins [brain-derived growth factor (BDNF), NT3, and NT4] in response to infection ( fig. S1 ). Thus, NGFb may act as a specific and sensitive signal for S. aureus infection in man, potentially explaining the clinical phenotype of patients with HSAN 4 and 5 and suggesting a nonredundant and pathogen-specific role for NGFb in innate immunity.
We then explored the cellular pathways triggering NGFb generation. Rather than involving conventional surface pattern recognition receptors, S. aureus elicits NGFb production through activation of nucleotide-binding and oligomerization domain (NOD)-like receptors (NLRs) ( fig. S2) , a well-recognized consequence of infection with this bacteria (21) , and suggests an additional potential role for NGFb during tissue damage.
To define the bacterial components responsible for NGFb release from macrophages, we screened the Nebraska library of S. aureus transposon mutants (22) for their ability to stimulate NGFb release from THP-1 cells. This identified a number of genes involved in bacterial cell wall synthesis, macromolecular transport, metabolism, and cellular regulation ( fig. S3 and table S1 ), including the saeR/saeS 2 component gene system and autolysin, which regulate exoprotein and peptidoglycan release, respectively (23, 24) . As expected, a number of purified S. aureusderived exoproducts (protein A, peptidoglycan, and a-haemolysin) were able to stimulate NGFb release in a proteinase K-dependent manner ( fig. S3 ). Because most single exoprotein deletion mutants were still capable of stimulating NGFb release, suggesting redundancy ( fig. S4) , we turned to comparative mass spectroscopy of conditioned media from wild-type and saeSmutant S. aureus to define further bacterial components mediating NGFb release ( fig. S4 ) and identified alpha phenol-soluble modulins (a-PSMs), a recently described family of secreted peptides capable of membrane rupture (25) , as putative factors ( fig. S4) . Thus, multiple S. aureus exoproteins can stimulate NGFb release from macrophages. We asked whether this regulatory mechanism might be evolutionarily conserved to control Spaetzle production in Drosophila. Intriguingly, although the regulation of Spaetzle activity has focused on its SPE-mediated activation (26) , proSpaetzle levels in Drosophila phagocytes (S2 cells) were stimulated by wild-type but not saeRmutant S. aureus, by conditioned media, and by peptidoglycan ( fig. S4 ), mirroring our results with NGFb.
We then evaluated the effects of NGFb on macrophage function. Primary human macrophages, which have constitutively high surface expression of TRKA but not the low-affinity NGF receptor p75, responded to NGFb with sustained calcium signaling ( Fig. 2A) , which could be reconstituted in HeLa cells expressing wild-type TRKA but not the HSAN5-associated mutation G517E (Fig. 2B) . TRKA signaling in macrophages also triggered rapid activation of calcium-dependent protein kinase C (PKC) isoforms (Fig. 2C) , as well as other recognized components of TRKA signaling observed in neuronal cells (table S2) . Because TRKA is thought to continue signaling after internalization, thereby permitting signal transmission along axons (27) , we examined whether phagosomal TRKA activation might occur and found persistent tyrosine phosphorylation of TRKA within S. aureus-containing phagosomes (Fig. 2D) . Functionally, TRKA activation led to enhanced phagocytosis (Fig. 2E) , proinflammatory cytokine release from uninfected cells (Fig. 2F) , and increased S. aureus-induced phagosomal superoxide generation (Fig. 2G) . TRKA activation also enhanced intracellular killing of S. aureus in human and mouse macrophages (Fig. 2H ) and in TRKA-transfected, but not control, THP-1 cells (Fig. 2I ). This increased killing was dependent on intact receptor signaling (because it was not observed in cells from HSAN4 patients) and was principally mediated through enhanced superoxide generation ( fig. S5) and autophagy (fig. S6) . TRKA-dependent effector responses also depended on intact TLR signaling, because intracellular killing in S. aureus-infected cells and cytokine production in uninfected cells were abrogated in Myd88 −/− and Trif −/− macrophages ( fig. S7 ),
suggesting an evolutionarily conserved interaction between cystine knot proteins and Toll family receptors. We next determined the role of NGFb-TRKA in human neutrophils, which are critical components of the host response to S. aureus infection (28) . Neutrophils constitutively expressed TRKA (Fig. 3A) and released NGFb in response to live S. aureus and peptidoglycan (Fig. 3B) . As seen in macrophages, NGFb stimulated neutrophils to generate superoxide ( proinflammatory cytokines (Fig. 3D) and enhanced intracellular killing of S. aureus (Fig. 3E) . NGFb also stimulated chemokinesis and chemotaxis in a TRKA-and calcium-dependent manner (Fig. 3, F and G, movie S1, and fig. S8 ), suggesting that NGFb may be an important chemotactic signal for neutrophil recruitment to sites of S. aureus infection.
To establish whether NGFb-TRKA signaling represents a critical, evolutionarily conserved component of vertebrate immunity to S. aureus infection, we examined its role during in vivo infection of zebrafish. Effective morpholino knockdown of trkA was confirmed by immunohistochemistry, where we observed the expected loss of trkA protein in the forebrain and nose of zebrafish larvae (Fig. 4A) . Knockdown of trkA had a major effect on the host response to S. aureus: trkA morphants were more susceptible to S. aureus infection than controls, a phenotype that could be rescued by concomitant injection of morpholino-resistant trkA RNA (Fig. 4B) and was only partially rescued in a transgenic line expressing trkA specifically in macrophages ( fig. S9) , suggesting the critical importance of trkA signaling in other cells (such as neutrophils). Bacterial counts in trkA-deficient fish rose faster and remained significantly higher than in controls (Fig. 4C) . We then explored the relationship between the ability of bacteria to stimulate NGFb release from macrophages and the in vivo effect of silencing trkA expression during infection (Fig. 4D) . We observed a greater effect of trkA knockdown in fish infected with wild-type (SH1000) S. aureus compared to animals infected with bacteria less able to trigger NGFb release from macrophages: the saeR-S. aureus mutant (causing a mild infection) and Enterococcus (causing a severe infection). Furthermore, trkA knockdown compromised neutrophil migration to sites of S. aureus infection (Fig. 4 , E and F) as well as sterile inflammation (Fig. 4, G and H) , supporting a role for NGFb as an "alarmin" for both S. aureus infection and nonspecific tissue damage.
In summary, our results indicate a critical role for NGFb-TRKA signaling in controlling vertebrate innate immunity during S. aureus infection. It is also conceivable that other vertebrate cystineknot proteins might play similar roles to NGFb for other bacterial pathogens. The recent finding that Spaetzle also functions as a neurotrophin in Drosophila (29) suggests an evolutionarily conserved dual function for cystine-knot proteins in both nerve development and antistaphylococcal immunity and may explain stimulation of aberrant nerve growth by soft-tissue infection by S. aureus (30) . Our findings reveal pleotropic effects of the NGFb-TRKA pathway that may particularly influence innate immunity to S. aureus infection, suggesting that, potentially, person-to-person variability in phagocyte secretion of, or response to, NGFb may influence vulnerability to S. aureus infection and may provide opportunities for therapeutic intervention, particularly in multidrugresistant disease.
PLANT GENETICS
A Y-chromosome-encoded small RNA acts as a sex determinant in persimmons 
*
In plants, multiple lineages have evolved sex chromosomes independently, providing a powerful comparative framework, but few specific determinants controlling the expression of a specific sex have been identified. We investigated sex determinants in the Caucasian persimmon, Diospyros lotus, a dioecious plant with heterogametic males (XY). Male-specific short nucleotide sequences were used to define a male-determining region. A combination of transcriptomics and evolutionary approaches detected a Y-specific sex-determinant candidate, OGI, that displays male-specific conservation among Diospyros species. OGI encodes a small RNA targeting the autosomal MeGI gene, a homeodomain transcription factor regulating anther fertility in a dosage-dependent fashion. This identification of a feminizing gene suppressed by a Y-chromosome-encoded small RNA contributes to our understanding of the evolution of sex chromosome systems in higher plants.
S exuality promotes and maintains genetic diversity in eukaryotic organisms. The characterization of sex chromosomes revealed evolutionary mechanisms governing sexuality in animals (1-3). However, most plant sex chromosomes, which could be present in up to 5% of species (4, 5) , remain poorly characterized (5) (6) (7) (8) . Dioecy, the separation of sex organs among male and female individuals, can be controlled by a heterogametic male system comparable to that of mammals and based on X and Y chromosomes, or on the X-to-autosome ratio (5) (6) (7) (8) . Species with heterogametic females, such as those of birds (ZW system), are less common (8) . Studies of Y-chromosome structure and evolution in Silene latifolia (9-11), papaya (Carica papaya) (12) (13) (14) (15) , and date palm (16) have revealed a heterochromatic nonrecombining region controlling sex determination, a feature shared by loci controlling other sexual characters such as asexual reproduction via apomixis and the inability to self-fertilize via selfincompatibility systems (7) . For Y-linked sex determination, as for apomixis, it has been challenging to identify genetic determinants in this heterochromatic context. A theoretical model postulates that two changes must occur during the transition from hermaphroditism to dioecy: a recessive mutation resulting in male sterility and a dominant female-suppressing mutation (8, 17) .
The Diospyros genus, within the Ebanaceae (Ericales), contains mostly tree species, including the economically important persimmons (D. kaki, D. virginiana, and D. lotus) and ebony (D. ebenum). Dioecy may predate the divergence of the Diospyros genus (18) and possibly even the origin of the Ebenaceae (35 to 65 million years ago) (18) (19) (20) . Male flowers have fertile stamens but rudimentary, arrested carpels and are organized in a threeflower cyme. Female flowers display developed but defective anthers that normally do not produce pollen grains (fig S1, A to P). Although a single female flower is formed per inflorescence, lateral aborted flower primordia are often visible on the flower pedicel ( fig. S1 , Q and R).
We used de novo whole-genome sequencing and transcriptome approaches to characterize the sex determination system in the diploid D. lotus, located to a single sex determination (SD) locus on the Y chromosome (21) .
